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Oscillator strengths, Huang–Rhys parameters, and vibrational quantum
energies of cerium-doped gadolinium oxyorthosilicate

D. W. Cooke,a) B. L. Bennett, K. J. McClellan, J. M. Roper, and M. T. Whittaker
Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, New
Mexico 87545

~Received 29 November 1999; accepted for publication 15 February 2000!

Temperature-dependent optical absorption of cerium-doped gadolinium oxyorthosilicate
(Gd2SiO5:Ce) has been measured and analyzed for impurity-ion-lattice coupling parameters and
oscillator strengths. Although the spectrum consists of overlapping Ce31 bands and Gd31 lines, two
well-resolved Ce31 bands with 10 K maxima at 3.32 eV~peak a! and 3.61 eV~peak b! are amenable
to spectral analysis. These bands, previously assigned to Ce31 ions occupying crystallographically
inequivalent substitutional sites, are characterized by Gaussian line shapes and
temperature-dependent half widths that are well described by the linear model of
impurity-ion-lattice coupling. Huang–Rhys@Proc. R. Soc. A204, 404 ~1950!# parameters of peaks
a and b are 22.7 and 5.7, respectively, indicating strong ion-lattice coupling, with vibrational
frequencies 1.8331013s21 ~peak a! and 5.0731013s21 ~peak b!. Peak b centroid is approximately
temperature independent, but peak a centroid shifts to higher energy with increasing temperature.
This dependence is adequately described by including higher-order coupling terms in the ion-lattice
interaction, although crystal-field contributions cannot be excluded. Absorption band oscillator
strengths,f, are calculated from Smakula’s@Z. Phys.59, 603 ~1930!# formula and knowledge of
cerium concentration for the two inequivalent sites. In the interval 10–300 K, peak af values range
from (9.8 to 26.8)31024 and peak bf values vary from (7.8 to 5.8)31023. From the known
correlation between oscillator strength and metal-ion-ligand separation, we identify peaks a and b as
the seven- and nine-oxygen-coordinated sites, respectively. ©2000 American Institute of Physics.
@S0021-8979~00!02011-9#
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I. INTRODUCTION

Cerium-doped gadolinium oxyorthosilicate, Gd2SiO5:Ce
~GSO!, is an efficient scintillator characterized by relative
high quantum efficiency, high density~6.71 g/cm3!, and large
effective atomic number~59!.1 A typical emission spectrum
consists of a band with maximum near 430 nm, which
attributed to the 5d→4 f electronic transitions of the Ce31

ions.2 However, the luminescence decay, comprised of t
lifetime components~;56 and 600 ns!, is much slower than
expected from the usual prompt deexcitation of the C31

ions ~;25 ns! and likely involves resonant energy transf
between the Ce31 and Gd31 ions.3,4 Further complexity of
the fundamental luminescence mechanism arises from
fact that GSO has two crystallographically inequivalent si
for Ce31 ions with each one exhibiting distinct temperatur
and concentration-dependent emission and excita
spectra.5 By comparing optical excitation, absorption, an
emission spectra, Suzukiet al.5 correlated the prominent fea
tures in the optical absorption spectrum of GSO with si
Ce1, Ce2, and Gd31. The specific site designation~Ce1 and
Ce2! arises from the fact that crystalline GSO is known
possess monoclinic symmetry with space groupP21 /c with
Gd31 ions occupying two crystallographically inequivale
sites coordinated with either seven or nine oxygens.6 Pre-

a!Author to whom correspondence should be addressed; electronic
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sumably Ce31 incorporation into the host lattice occurs v
substitution for Gd31 and thus should also occupy two in
equivalent sites, arbitrarily denoted as Ce1 and Ce2.
correlation of Ce1 and Ce2 with specific oxygen-coordina
sites has not yet been established. Moreover, fundame
impurity-ion-lattice coupling parameters and oscillat
strengths of the optical transitions, which should prove u
ful in elucidating the fundamental luminescence mechan
and identifying the oxygen-coordinated sites, have not b
reported.

In this article, we present results of ultraviolet and v
ible ~uv-vis! optical absorption measurements on sing
crystal GSO made in the temperature interval 10–300
Analysis of the data yields oscillator strengths, vibration
quantum energies, and Huang–Rhys parameters of
prominent absorption bands. Knowledge of the cerium c
centration of sites Ce1 and Ce2, coupled with the kno
correlation of Ce-ion-ligand distance with oscillator streng
allows assignment of Ce1 and Ce2 to the nine and sev
oxygen-coordinated sites, respectively.

II. EXPERIMENT

A single crystal of GSO, provided by Hitachi Chemic
Company, was fabricated into sample dimensions 131
30.026 cm3 and polished to a surface finish of 3mm. Ce-
rium concentration in the growth melt was 0.25 at. % relat
to Gd31, but due to the smaller size of the Gd31 ion ~0.938
il:
3 © 2000 American Institute of Physics



n
o-

d
ta
io
rv
e

ld
io
b

ro
as
tio

n
rc
lin

SO

en
uk
m
te
rb
io

iz

300

eak
t two
h
zuki

s
the
nds
dif-
lu-

son
a-
we

K
rgy
a

ach
pts
ny

The
pes

ded

han

or
ted,

ab

re-
te
s a

7794 J. Appl. Phys., Vol. 87, No. 11, 1 June 2000 Cooke et al.
Å! relative to Ce31 ~1.034 Å!, the final sample concentratio
was lower. Using the known crystal-to-melt distribution c
efficient 0.6 yields a final Ce31 concentration of 0.15 at. %.7

A Cary 5E optical absorption spectrophotometer, mo
fied to accommodate an optical cryostat, was used to ob
uv-vis data in the temperature range 10–300 K. Absorpt
spectra were taken at 10 and 20 K, and at each 20 K inte
thereafter up to 300 K. To ensure thermal equilibrium b
tween the sample and cold finger, the specimen was he
each set point for 10 min prior to recording the absorpt
spectrum. Sample temperature was measured with a car
glass resistor and controlled to within62 K of the set point
by a LakeShore Cryotronics Model 340 temperature cont
ler. Spectral data were recorded in absorbance units
function of wavelength and plotted as decadic absorp
coefficienta ~50.4343k, wherek is the absorption coeffi-
cient to basee! vs photon energy. Fitting of the absorptio
bands to known spectral shapes was done with a comme
software package utilizing the Levenberg–Marquardt non
ear least-squares routine.

III. RESULTS AND DISCUSSION

A. Peak shape determination

Figure 1 shows the optical absorption spectra of G
taken at 300 K~solid line! and 10 K~dotted line!, with the
principal peaks denoted by arrows a and b, in excell
agreement with the previously reported results of Suz
et al.5 These researchers compared GSO excitation and e
sion spectra and concluded that two types of cerium cen
were involved in the emission process. One center, a
trarily designated Ce1, exhibited excitation and absorpt
bands at 284 nm~4.36 eV! and 345 nm~3.59 eV!, with
corresponding emission maximum near 425 nm~2.92 eV!.
The other center, arbitrarily denoted Ce2, was character

FIG. 1. Optical absorption of GSO measured at 300 K~solid line! and 10 K
~dotted line!. The ordinate refers to the decadic absorption coefficienta of
the 0.026-cm-thick sample. Arrows denote peaks of the two principal
sorption bands a and b.
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by excitation bands at 300 nm~4.13 eV! and 378 nm~3.28
eV!, an absorption band at 378 nm and possibly one at
nm, with emission maximum near 480 nm~2.58 eV!. Note
that in the present data, we do not observe a distinct p
near 4.13 eV, but instead see the appearance of at leas
small peaks in this vicinity. Additional absorption lines wit
maxima at 4.51, 4.92, and 5.02 eV were assigned by Su
et al.5 to optical transitions of the Gd31 ions. The overlap of
Gd31 line emission with the Ce31 band emission preclude
straightforward analysis of absorption bands other than
principal ones labeled a and b in Fig. 1. These latter ba
are our main interest because they purportedly belong to
ferent cerium sites and are of sufficient intensity and reso
tion to be amenable to analysis, thus allowing a compari
of oscillator strengths and impurity-ion-lattice coupling p
rameters for the two inequivalent cerium sites. Therefore,
confine our analysis to these two principal bands.

The dotted line of Fig. 2 shows the experimental, 10
absorption spectrum of GSO plotted on a reduced ene
scale to highlight the main peaks. The thin solid line is
composite fit obtained by adding two Gaussian bands, e
representing the best fit to individual bands a and b. Attem
to fit these bands with Lorentzian or Voigt line shapes at a
temperature in the interval 10–300 K were unsuccessful.
best fits at 10 K were obtained with Gaussian line sha
exhibiting maxima at 3.32 eV~peak a! and 3.61 eV~peak b!
with reducedx250.9992 ~reducedx2 is the square of the
difference between the actual and calculated values divi
by the number of degrees of freedom!. The statistical errors
in these values, derived from the fitting routine, are less t
1025 eV and the experimental spectral resolution is60.5
nm. Similar high-quality Gaussian fits were obtained f
these two bands over the temperature interval investiga
from which spectral moments and areas were extracted.

-

FIG. 2. Experimental, 10 K absorption spectrum of GSO plotted on a
duced energy scale~dotted line!. The thin solid line represents a composi
fit obtained by adding two Gaussians that best fit the individual band
and b.
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B. Vibrational quantum energies and Huang-Rhys
parameters

Configuration-coordinate diagrams are convenient
describing optical absorption and emission processes
solids.8 In this model, the ground and excited states of
impurity center are described as classical quantu
mechanical oscillators with quantum energy\v, leading to
the prediction that the full width at half maximum,W(T), of
the optical absorption band varies with temperature acc
ing to the relation

W~T!5W~0!FcothS \v

2kTD G1/2

. ~1!

For Gaussian line shapes, this can be expressed as

W~T!5\vF8S ln2 cothS \v

2kTD G1/2

, ~2!

where S, the Huang–Rhys parameter, is a dimensionl
measure of the impurity-ion-lattice coupling magnitude.9

Figure 3 shows the temperature dependence of the p
widths, W(T), extracted from the Gaussian fits to peaks
and b. Statistical errors derived from the fitting procedure
smaller than the plot symbols. The solid and dotted lin
represent the best fits of the data to Eq.~2!, from which the
magnitudes ofv andS were extracted. Vibrational frequen
cies of peaks a and b are 1.8331013 and 5.0731013s21,
respectively, with correspondingS values 22.7 and 5.7,S
.5 indicates strong coupling between the impurity ion a
lattice and also implies a relatively large Stokes shift;10 for
peaks a and b, the measured shifts are 0.70 and 0.67
respectively. The electron-lattice coupling parameters
summarized in Table I.

C. Excited-state vibrational energies

The filled symbols in Fig. 4 illustrate the temperatu

FIG. 3. Temperature dependence of the peak widths, i.e., full width at
maximum, of the principal absorption bands a and b. Solid and dotted
represent the best fits of the data to the linear, ion-lattice interaction mo
r
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dependence of peak a and peak b Gaussian centroids.
statistical error bars are smaller than the plot symbo
Within experimental error, the centroid of peak b is indepe
dent of temperature, whereas peak a centroid is shifted
higher energy. There are two plausible explanations for
shift: variations in impurity-ion-ligand separation due
thermal expansion, which affects the Tanabe–Sug
energy-level diagram, and higher-order coupling terms in
electron-lattice interaction.11

The excited-state 5d level of the Ce31 ion is split into
five components by the crystalline electric field, with avera
splitting 0.35 eV.10 The energy of the optical absorption tra
sition depends on the strengthD510Dq of the crystalline
electric field, which, in turn, depends on the distance
tween the absorbing ions and the nearby ligands. The sp
separation of ions and ligands exhibits temperature dep
dence through the thermal expansion coefficient. Whet
the transition exhibits a shift to higher or lower energy w
increasing temperature depends upon the slopedE/dD of the
E vs D curve ~Tanabe–Sugano energy diagram!. A negative
slope shifts the optical absorption transition to higher ene
with increasing temperature. Unfortunately, we know neith
the thermal expansion coefficient nor details of the crys
line electric field ~and corresponding Tanabe–Sugano d
gram! for Ce31 ions in GSO, and thus cannot presently e
cidate the contribution of this effect to the centroid shift.

A second well-known temperature effect on absorpt
band centroids is higher-order coupling terms in the io
lattice interaction model.12 Inherent in Eq.~1! is the assump-
tion that average vibrational frequencies of the ground a

lf
es
el.

TABLE I. Electron-lattice coupling parameters for GSO:Ce.

Peak
W(0)
~eV!

v
(1013 s21)

vexc

(1013 s21)
E22E1

~eV! S

a 0.135 1.83 4.39 3.30 22.7
b 0.187 5.07 ¯ ¯ 5.7

FIG. 4. Temperature dependence of peak a and peak b centroids. The
line is the best fit of the data to a modified linear model, which includ
higher-order, impurity-ion coupling terms in the ion-lattice interaction.
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excited states are identical, thus yielding a ‘‘linear’’ mod
However, one can include the effects of higher-order c
pling by introducing a different frequency,vexc, for the ex-
cited state. The centroid positionM (T) is then given by

M ~T!5E22E11
1

4
\vS vexc

2

v2 21D cothS \v

2kTD , ~3!

whereE22E1 is the energy difference between the grou
and excited states at the zero position of the configuratio
coordinate. As illustrated in Fig. 4, peak a exhibits an
crease in centroid energy with increasing temperature
approximately obeys Eq.~3! as indicated by the solid line
The vibrational frequency and energy difference obtain
from the fit are 4.3931013s21 and 3.30 eV, respectively. A
summary of the electron-lattice coupling parameters is gi
in Table I.

Although the temperature dependence of the centroi
adequately described by Eq.~3!, the reader is reminded o
the possibility that some fraction of the dependence may
attributed to thermal expansion and its effect on the Tana
Sugano diagram, as previously discussed. Presently, we
insufficient data to ascertain the magnitude of these in
vidual effects.

D. Absorption band oscillator strengths

The oscillator strengthf characterizing a given optica
transition is related to the integrated absorption, index
refractionn, and concentration of absorbing centersN by the
well-known Smakula formula13

N f58.2131015cm23
n

~n212!2 E a~E!d~E!, ~4!

wherea is the decadic absorption coefficient in cm21 andE
is the energy in eV. For Gaussian absorption bands, as in
present case, the integral is

1

2
A p

ln 2
amaxW ~5!

with maximum absorptionamax and full width at half maxi-
mum W. Substituting Eq.~5! into Eq. ~4! yields the desired
expression

N f58.731016cm23
n

~n212!2 amaxW. ~6!

Calculation of the oscillator strengths of bands a an
requires knowledge of the Ce31 concentrations for sites Ce
and Ce2. GSO formula weight is 422.580 g and density
6.71 g/cm3, yielding a formula volume of 1.046
310222cm3 ~containing two rare-earth sites!. The final Ce31

concentration is a product of melt concentration~0.25 at. %!
and segregation coefficient~0.6!. However, this computed
concentration~0.15 at. % relative to Gd31! is not uniformly
distributed between the two crystallographically inequival
sites. But, knowledge of the distribution can be obtain
from the work of Suzukiet al.5 on GSO of the same state
concentration. By adding the emission spectrum of Ce1~ex-
cited at 345 nm! to the spectrum of Ce2~excited at 378 nm!
in the ratio of 58:42, they calculated an emission spectrum
.
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11 K that mimicked the experimental one. This ratio ought
correspond to the ratio of concentrations for the two sit
Accordingly, we assigned the Ce31 distribution as 58% to
site Ce1 and 42% to site Ce2 and calculated concentrat
of 8.3531018 and 6.0231018cm23, respectively.

With known Ce31 concentrations, average index of r
fraction (n51.85), and measured Gaussian absorption,
computed the oscillator strengths of the two bands as a fu
tion of temperature and display the results in Fig. 5. Ea
oscillator strength exhibits moderate temperature depend
with inversely related slopes. This dependence is a mea
of the absorption band area because concentration and i
of refraction are assumed to be temperature independ
Note the sum of oscillator strengths (a1b) is nearly tempera-
ture independent, implying temperature independence of
combined peak area. The striking feature of the data, h
ever, is the much largerf value of peak b relative to peak a
approximately a factor of 8 and 2 at 10 and 300 K, resp
tively. This result suggests the two peaks belong to differ
Ce sites as proposed by Suzukiet al.5 Williams et al.14 have
compiled a comparison of experimental and theoreticalf
→5d oscillator strengths for Ce31 ions in various host
lattices.

E. Ce3¿ site identification

The impurity-ion-lattice coupling parameters of absor
tion bands a and b in GSO are strikingly different in mag
tude and temperature dependence, indicative of distin
different Ce31 sites. Suzukiet al.5 previously established
that peaks a and b are correlated with substitutional sites
and Ce1, respectively, but could not identify them as be
seven- or nine-oxygen coordinated. The present data, w
coupled with previous results of Williamset al.,14 strongly
suggest that sites Ce1 and Ce2 are nine- and seven-ox
coordinated, respectively. Williamset al. noted that varia-
tions in f are correlated with the average Ce31-ion-ligand
distance, with a smaller separation corresponding to

FIG. 5. Temperature dependence of a and b band oscillator strengths.
their sum (a1b) is nearly temperature independent. These bands are i
tified as seven-and nine-oxygen-coordinated sites, respectively.
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smallerf value relative to the free-ion magnitude. This co
relation most likely arises from the differential radial expa
sion of the overlapping rare-earth and ligand orbitals, wh
leads to a greatly reduced dipole matrix element in the qu
tum mechanical oscillator strength expression. To see
more clearly, we expressf in quantum mechanical terms

f nm5
8p2mnnmu^nuM um&u2

3e2h
, ~7!

wherennm is the transition frequency between the staten
andm, andu^nuM um&u2 is the squared dipole matrix eleme
between the two states.M is the electric dipole moment
which can be expressed in terms of charge densityr(r ) and
electron chargee

M5eE r~r !rdt ~8!

Insertion of a rare-earth ion into a host lattice causes
rare-earth orbitals to expand radially due to overlap with
ligand orbitals. But the expansion is much greater ford
orbitals because the inner 4f ones are strongly shielded. Th
differential expansion leads to a significantly reduced dip
matrix element,u^4 f ur u5d&u, and a correlation between os
cillator strength and average metal-ion-ligand separation

As illustrated in Fig. 5,f values of peak b at all tempera
tures are considerably larger than those of peak a, implyin
larger peak b Ce31-ion-ligand spatial separation. Smolin an
Tkachev6 elucidated the structure of GSO and obtain
Gd–O distances for Gd in the seven- and nine-oxyg
coordinated sites as 2.39 and 2.49 Å, respectively; sim
ion-ligand distances are expected for Ce31 ions in GSO.
These results, combined with the oscillator streng
separation correlation and our present oscillator stren
data, suggest that peak a is correlated with the seven-oxy
coordinated site, previously labeled site Ce2, and peak
identified as the nine-oxygen-coordinated site, previously
beled site Ce1. These results strongly support the two-ce
model previously proposed by Suzukiet al.5

IV. SUMMARY

In summary, we have measured the uv-vis optical
sorption of GSO in the regime 10–300 K and analyzed
two principal absorption bands whose maxima at 10 K
3.32 eV~peak a! and 3.61 eV~peak b!. The bands are wel
described by Gaussian line shapes and are in excellent a
ment with previously reported results. The linear model
impurity-ion-lattice coupling adequately describes the te
-
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perature dependence of absorption band widths. Huang-R
parameters of peaks a and b are 22.7 and 5.7, respecti
indicating strong ion-lattice coupling and relatively larg
Stokes shifts~;0.7 eV!. Extracted quantum vibrational fre
quencies are 1.8331013s21 ~peak a! and 5.0731013s21

~peak b!. Peak b centroid is nearly temperature independ
whereas peak a centroid exhibits a shift to higher ene
with increasing temperature. Although this shift can be w
described by including higher-order coupling terms in t
ion-lattice interaction, contributions from crystal-field effec
cannot be excluded.

Oscillator strengths of the two bands were calcula
from Smakula’s formula, combined with knowledge of th
cerium concentration for the two crystallographically i
equivalent sites. From 10 to 300 K peak af values ranged
from (9.8 to 26.8)31024, and peak bf values varied from
(7.8 to 5.8)31023. Based on the observation of William
et al.14 that larger oscillator strengths imply a larger met
ion-ligand separation, we have identified sites Ce1~peak b!
and Ce2~peak a! as the nine- and seven-oxygen-coordina
sites, respectively. These results strongly support the con
sion of Suzukiet al.5 that these bands are correlated with t
two crystallographically inequivalent substitutional ceriu
sites in GSO.
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